Abstract Modified atmosphere packaging (MAP) is a dynamic system during which respiration and permeation occur simultaneously. Hence factors affecting both respiration and permeation were considered for designing a package. In the design of MA packages for guava (cv. Baruipur) a total of 13 variables were considered. The independent variables includes: weight of fruits, surface area of packaging film, free volume of the package, thickness of the film and permeabilities of film to O 2 and CO 2 gas. The fixed variables considered were: the surrounding gas composition and temperature, the respiration rates for O 2 consumption and CO 2 evolution, and the equilibrium gas compositions to be attained in the package so that the fruit's shelf-life is extended. Two types of MA packages, having package size of 19 cm× 19 cm for a fill weight of 1,000±100 g were developed. Packages were designed to accommodate a fill weight range of 0.90-1.10 kg. Various package parameters were optimized to facilitate establishment of dynamic equilibrium at target levels of O 2 and CO 2 concentration in the package. The storage study of MA packages was performed at 10, 15, 20 and 25°C temperatures. The performance of film packages was evaluated for their ability to establish equilibrium at target levels and to extend the shelf life of the packaged fruit. The MA packaging system increased the shelf life of guava by 128-200 % compared to the unpacked fruits at various storage temperatures with a quality comparable with the freshly harvested commodity.
Introduction
India accounts for 12.7 % of the total world production of fruits and ranks second with the production of 63.50 million tonnes (Singhal 2009 ). Guava is considered as common man's fruits liked by both the rich as well as the poor and is rightly called as the apple of the tropics (Adsule and Kadam 1995) . The world production of guava (Psidium guajava L.) is estimated to be 5.0 MT. Guava is an important tropical fruits grown extensively in India (Morton 1987; Adsule and Kadam 1995) . India leads the world in guava production with annual production of 1.80 MT with the production area of 0.15 Mha. It is the fourth most widely grown fruit crop in India. The popular varieties of guava grown in India are Allahabad Safeda, Lucknoe-49, Baraipur, Nagpur Seedless, Dharwar etc. (Singh and Pal 2008) . Guava has gained considerable importance because of its commercial and high nutritive value, availability at moderate price, a pleasant aroma, good flavor, delicious taste and remunerative nature of crops. Guava fruit is an excellent source of ascorbic acid (vitamin C), dietary fiber, pectin and good source of vitamin A, phosphorus, calcium and iron as well as thiamine, niacin, riboflavin and carotene (Adsule and Kadam 1995) .
The physicochemical characteristics of guava fruits changes significantly with maturity (Mukherjee and Datta 1967; Teotia et al. 1970) . The main objective of storage of guava is to prolong its availability on the market throughout year. Certain post harvest constraints like short shelf life, chilling sensitivity and susceptibility to diseases limit its long duration storage and transportation. The development of peel colour i.e. faster fruit ripening, weight loss, decay incidence, loss of firmness (fruit softening) and off flavor etc. are main challenges during the preservation and storage of guava Pereira et al. 2004) . In general Guavas fruits were stored at 10-13°C at 85-90 % RH. (Jacomino et al. 2001a) . The need of postharvest management of guava fruit in a scientific way like CA/MAP storage was realized to extend its period of availability in market and also to harness the export opportunities (Mangaraj and Goswami 2011a) . MAP technology has the potential to reduce the weight loss, maintained firmness, preserve colour and alleviated chilling injury of guava fruits by controlling the overall metabolic activities (Jacomino et al. 2001a; Mohamed et al. 1994; Sunjka et al. 2003) .
MAP technology has a great advantage in developing countries because it can economically be done by hand saving the high cost of new machinery. Additionally the need there for such a technique is much greater because of the dearth of refrigerated storage. Modified atmosphere packaging utilizes only the natural components of air, has achieved public acceptance due to these two trends. MAP has the advantages that synthetic chemicals are not used, no toxic residue is left, and there is little environmental impact, particularly if the plastic films used can be recycled Sivakumar and Korsten 2006; Mangaraj and Goswami 2009a; Mangaraj et al. 2009 ) observed that CA storage of guava reduced the rate of respiration and ethylene evolution to variable extent and the fruit could be stored well in unripe condition for 1 month. Multilayer co-extruded polyolephinic film with selective permeability (PSP) prolonged storage of guava up to 3 weeks, while LDPE and PVC film package was suitable for guava storage to 14 days at 10°C and 85-90 % relative humidity (Jacomino et al. 2001a ). The PSP film and LDPE film with mineral incorporation provided an atmosphere of 3 % O 2 and 4.5 % CO 2 inside the packages, which kept the fruit with good sensorial characteristics for 28 and 14 days, respectively. Guava packed with PVC, LDPE or PET and stored for 2 and 3 weeks at 5 and 8°C hindered the development of peel colour and the loss of firmness (Gaspar et al. 1997; Mohamed et al. 1994; Jacomino et al. 2001b; Pereira et al. 2004) . MA packaging of fresh guava in PET film had a strong influence on color preservation and weight loss of the guavas (Sunjka et al. 2003; Pereira et al. 2004) . Combrink et al. (2004) reported that non-perforated polyethylene bags maintained guava fruit quality better than perforated bags.
From the above mentioned reviews it can be inferred that most of the MAP studies are under taken with trial and error basis at lower temperatures. There is no particular standard for MA packaging of a commodity. Respiration of commodity and permeation of gases are two important component of MA packaging system. The respiration rate varies among climatic conditions, growing pattern, commodities, cultivar and the varieties of same commodity. The permeabilities of films vary with production process, company and even with batch of production (Mangaraj and Goswami 2009b) . The designed package at a particular temperature when exposed to another temperature, the purpose of MAP may be defeated. Hence a systematic design of MAP system is essential for guava (cv. Baruipur) in particular, at various simulated condition of MAP storage to enhance shelf life and propagate the developed technology to the producer/ processor/industry.
Materials and methods

Raw material
The fruits guava (cv. Baruipur) was procured from the orchard at Baruipur farm for their experimental study. The fruits were harvested at the commercial maturity based on subjective evaluation. Usually, this stage is determined by visual observation of its ground colour, size and the days after full bloom (Kadam and Deshpande 1995) . Medium size fruit free from visual injury were sorted out. It was ensured to maintain uniformity in terms of the size and weight of individual fruits in the whole lot of samples. The harvested fruits were washed thoroughly using tap water to remove any adhering dirt and wiped with a clean dry cloth and kept under the fan for about 30 min to remove adhered moisture. Thereafter, the fruits were used for the experiments
Determination of maturity indices of fruits
The physico-chemical properties were determined objectively in the laboratory with a view to specify harvest maturity levels of the fruits. The fruits color and firmness was determined using colorimeter and Texture analyzer, respectively (Mangaraj et al. 2005 (Mangaraj et al. , 2006 Mangaraj and Goswami 2009c) . The size and weight of fruit was measured using a vernier caliper having least count of 0.05 mm and a precision balance (Essae Teraoka, Japan) having an accuracy of 0.01 g. True volume, density, ascorbic acid, total soluble solids and titratable acidity etc. of fruits were determined as per the methods described by Ranganna (1995) . The chlorophyll content and solubilization of pectin of guava was estimated according to Chittara et al. (2002) and Simpson et al. (1984) .
Measurement of respiration rate
The experimental respiration rate in terms of O 2 and CO 2 at a given temperature were calculated using Eqs. (1) and (2) as given by Kays (1991) .
Where: R O2 is the respiration rate, ml
is the respiration rate, ml [CO 2 ] kg −1 h −1 , Y O2 and Z CO2 are the gas concentrations for O 2 and CO 2 respectively, t is the storage time in h, Δt is the time difference between two gas measurements, V f is the free volume of the respiration chamber in ml and W is the weight of the fruit in kg.
Modeling of respiration rate
The Michaelis-Menten type equation based on principle of enzyme kinetics with uncompetitive type of inhibition, wherein CO 2 does not bind with the enzyme but reacts with enzyme substrate complex, was the model fitted to the experimental respiration data (Lee et al. 1991 (Lee et al. , 1996 Peppelenbos and Leven 1996; Mahajan and Goswami 2001; Menon and Goswami 2008; Mangaraj and Goswami 2011a, b) . The relevant respiration rate models are shown in Eqs. (3) and (4). The model parameters were determined using the experimental respiration data.
using an Arhhenius type equation (Lakakul et al. 1999 ) of the following form:
Where, R m is the model parameter of respiration rate, R p is the respiration pre-exponential factor, E a is the activation energy, kJ/g-mole, T abs is the storage temperature, K, and R is the Universal gas constant (8.314 kJ/kg-mole-K).
Modeling of gas transmission rate (GTR) of selected films The gas transmission rates (OTR/CTR) of polymeric film are temperature dependent and hence Arrhenius-equations (Eq. 6) was fitted to the experimental data to depict the relationship of GTR with temperature.
Where, GTR is the gas transmissions rates of films (cm 3 / m 2 h ΔC) at temperature T abs , GTR p is the gas transmission rates pre-exponential factor for O 2 and CO 2 (cm 3 /m 2 h ΔC), E ap is the activation energy of gas transmission rates for O 2 and CO 2 (kJ/kg-mole), R is the universal gas constant (8.314 kJ/kg-mole-K) and T abs is the absolute temperature in K.
Design of MA packages MA packaging of fresh fruits constitutes a dynamic system during which fruit respiration and gas permeation occur simultaneously at a given packaging environment surrounding the product. Hence factors affecting respiration and permeation as well as the environmental conditions were considered while designing MA packages (Cameron et al. 1989; Yam and Lee 1995; Mannapperuma et al. 1989; Jacxsens et al. 2000) . The variables involved in the MA package design are: the surrounding gases composition (Y O2 a and Z CO2 a ), temperature (T), O 2 consumption rate and CO 2 production rate (R O2 and R CO2 ), the optimum gas composition to be attained in the package (Y O2 eq and Z CO2 eq ), weight of the fruits in package (W p ), surface area of the packaging film (A p ), free volume of the package (V fp ), thickness of the film (x), gas transmission rates of film to O 2 and CO 2 (OTR and CTR). It was observed that some of these variables are inter-dependent, e.g. once the packaging film is selected both OTR and CTR are fixed. The ultimate aim of this design was to select suitable films and the package surface area required for O 2 and CO 2 gas transmission for a given fruits, fill weight, optimum O 2 and CO 2 concentration, temperature, and environmental gas composition, so that the equilibrium concentrations of O 2 and CO 2 are reached within shortest possible time and these concentrations lie within the range required for maximum shelf life of stored fruits (Das 2005; . Here O 2 , CO 2 , and temperatures are the important external factors that could influence the respiration and gas permeation significantly.
Fresh fruits are still living and their respiration continue even after harvest from the parent plant and detached from their normal nutrient supplies. In a passive MA packaging system, fresh fruits are sealed in suitable polymeric film packages. Initially, the O 2 and CO 2 concentrations in the MA package are same as that of the external atmosphere. Due to respiration of the packaged fruits, O 2 starts depleting and CO 2 starts accumulating within the package because of the consumption of O 2 and the production of CO 2 in the metabolic process. Consequently, respiration begins to decrease while O 2 and CO 2 concentration gradients between package and ambient atmosphere begin to develop. The development of concentration gradients induced ingress of O 2 and egress of CO 2 through the packaging material i.e. polymeric films. Simultaneously respiration rate decreases with decrease in O 2 level and increase in CO 2 level, provided the variations in O 2 and CO 2 levels are within safe limits. The decrease in respiration rate decreases the rate of increase of concentration gradient. Transmission of O 2 and CO 2 through the film further reduces concentration gradient. As the rate of increase in concentration gradient retards, respiration tend to retrieve which again increases the gradients. The increase in concentration gradient again decreases respiration and increases gas transmission. Thus the cyclic process continues until a steady state is established (Chau and Talasila 1994; Renault et al. 1994; Cameron et al. 1989; Mahajan et al. 2007; Mangaraj and Goswami 2008) .
In a properly designed MAP, after a period of transient state (the state at which the O 2 and CO 2 concentration changes continuously within the package with time) an equilibrium state is established. At equilibrium, the amount of O 2 entering (ingress) into the package and that of CO 2 permeating out (egress) of the package become equal to the amount of O 2 consumed and that of CO 2 evolved by the packaged fruit, respectively (Jacxsens et al. 2000; Del Nobile et al. 2007 ). The package atmosphere is then considered to be in dynamic equilibrium with external atmosphere. Hence, Package equilibrium or steady state is defined as the point at which the commodity O 2 consumption and CO 2 production rates (respiration rates) are equal to the permeation rates of the respective gases (O 2 and CO 2 ) through a package at a given temperature.
Once established, the equilibrium gas concentrations remained nearly constant throughout the stipulated period of storage unless there is considerable variation in ambient conditions. The period from sealing of fruits in the packaged to the establishment of steady state or equilibrium state is called transient period or equilibrium time. The O 2 and CO 2 concentration levels of package atmosphere at which dynamic equilibrium establish are called as O 2 equilibrium concentration and CO 2 equilibrium concentration, respectively. An ideal package system should equilibrate and maintain at the levels of O 2 and CO 2 are known to be optimal for storage, transport and handling through out the market chain for a specific commodity (Jacxsens et al. 1999; Paul and Clarke 2002; Mahajan et al. 2007; Fonseca et al. 2000; Goswami and Mangaraj 2011) .
Mathematical modeling of gaseous exchange in MAP system
A systematic theoretical design and modeling is needed to establish conditions for the success and benefit of MAP for a particular produce (Exama et al. 1993; Mahajan et al. 2007) . Such a design and analysis could provide closely the characteristic of the commodity, film properties and optimized packaging parameters. It helps in minimizing the number of experimental trials: as the trial and error approach is extremely time consuming procedure. Simulation of a MAP system is the most appropriate method to allow a correct MAP design and consequently obtain a successful commercial product (Cameron et al. 1989; Geeson 1989; Makino and Iwasaki 1997; Del Nobile et al. 2007) . When fresh fruits is sealed in a selected polymeric film packages, respiration of the product and the gas permeation through the packaging film takes place altogether. In the respiration process O 2 is consumed and the fruits evolve CO 2 . In general, the relative humidity in the internal package atmosphere is higher than the external atmosphere. Hence some amount of water vapor may permeate out of the package, depending upon the WVTR of the polymeric film. However, the mathematical modeling of gaseous exchange for respiratory gases (O 2 and CO 2 ) has been attempted here. The diagrammatic representation of the gaseous exchange in MAP of guava is shown in Fig. 1 .
The idea is that once the fruit is sealed inside the package the O 2 and CO 2 concentration gradients develop due to the fruit respiration and the polymeric film serves as the regulator of O 2 flow into the package and the flow of CO 2 out of the package. At a given temperature and for a considerably small length of transient period, the rates of O 2 consumption (R O2 ) and the rate of CO 2 evolution (R CO2 ) of the packaged fruits depend greatly on O 2 concentration (Y O2 ) and CO 2 concentration (Z CO2 ). Considering that there is no gas stratification inside the packages and that the total pressure is constant, the differential mass balance equations that describe the O 2 concentration changes in a package containing respiring product are:
Rate of O 2 entry into package space -Rate of O 2 consumed by product 0 Rate of O 2 accumulation inside package space That is,
Similarly, the CO 2 concentration changes in a package can be written as, Rate of CO 2 generated by the fruits -Rate of CO 2 leaving out of the package space 0 Rate of accumulation CO 2 inside package space That is, ), respectively. The Eqs. (7) & (8) coupled to the models that describes the dependence of respiration rate on gas composition, temperature and time (i.e. Eqs. 3, 4 and 5) and models that describes the dependence of packaging film on temperature (Eq. 6) constitute the basic of MAP design (Chau and Talasila 1994; Exama et al. 1993; Jacxsens et al. 2000; Mahajan et al. 2007; Del Nobile et al. 2007 ).
Numerical analysis
Simultaneous solution of above differential equations would give variation of O 2 concentration and CO 2 concentration in volume fraction as a function of time, t (h). Using Adam's numerical method, which is based on Taylor's formula, the above simultaneous differential equations were solved (Piskunov 1981) . A MATLAB programme was developed for modelling the gaseous exchange in MAP system.
Optimization of package parameters
The differential mass balance Eqs. (7) and (8) and results of preliminary investigation were used for the optimization of package parameters. The various parameters well thoughtout for optimization of MAP system are as follows:
Fill weight and surface area of the package Keeping in view the requirements of a consumer carry-bag, family size and eating habit of fruits the MA package was finalized for 1 kg fill weight of guava consisting of four medium sized fruits. For the fixed amount of fruits, the actual area of the film in package (A p ) was finalized in such a way that it is a well-fit package. Also, for the define quantity of fruits to be packed and target level of O 2 and CO 2 concentrations, the area required for gas exchange was calculated employing Eq. (9).
The package size of 19 cm×19 cm (A p 00.0722 m 2 ) was found to be appropriate for packaging of 1.00 kg±100 g guava (cv. Baruipur). Packages were designed to accommodate a fill weight (W p ) range of 0.90-1.10 kg. It suggests an optimal range of W p : A p ratio of 12.47-15.23 for guava.
GTR requirement of MAP
The GTR requirement of the packaging films are estimated, from basic mass balance Eqs. (7) and (8). Oxygen transmission rate requirement (OTR req ) of the packaging film is calculated employing the following Eq. (10). The target values of equilibrium concentrations of O 2 and CO 2 for guava were specified for calculating the OTR req of the packaging film .
Similarly, carbon dioxide transmission rate requirement (CTR req ) of the packaging film was calculated as follows:
The required CO 2 and O 2 transmission ratio for the packaging film (TR pf req ) was calculated employing Eq. (12).
Where,
¼ Respiratory quotient at equilibrium condition of MAP
Equilibrium gas concentration inside the package
For a fixed fruit weight as well as for both the extreme of fill weight range, film area of the package and gas transmission rate requirement (GTR req ) of the MAP, the equilibrium concentration of O 2 and CO 2 inside the package was calculated employing Eqs. (13) and (14).
The calculated equilibrium concentration of O 2 and CO 2 was compared with the target level of O 2 and CO 2 concentrations in MAP design. For extreme conditions the filling weight range of 900-1,100 g was considered for MA packaging of fruits. During the preliminary design calculation the average fill weight of 1.00 kg was used. Substituting the average fill-weight values of fruits and the target level of equilibrium concentration of O 2 and CO 2 in Eqs. (10) and (11) the required value of OTR and CTR were calculated. Using these values of OTR and CTR in Eqs. (13) and (14) the Y O2 eq and Z CO2 eq was again calculated for both the extreme fill weight range. It was found that Y O2 eq and Z CO2 eq values deviated considerably from the target levels for these extreme values of fill weight range. However, it was ensured that the calculated values of Y O2 eq and Z CO2 eq have not deviated far from the target levels. Thus the entire fill weight range (900-1,100 g) was separated in to five section i.e. 900, 950, 1,000, 1,050 and 1,100 g and designated as a, b, c, d and e, respectively. For each fill weight section the OTR and CTR and subsequently the Y O2 eq and Z CO2 eq were determined. It was observed that the deviations between the calculated values and target levels Y O2 eq and Z CO2 eq are small and the deviated values are well within the optimal ranges of O 2 and CO 2 concentration. Hence the MAP design is considered to be appropriate for guava.
Target level of gas composition in MAP of guava
The recommended level of gas concentration in CA/MA storage of guava for maintaining quality and extending shelf-life is 2-5 % and 2-5 % O 2 and CO 2 , respectively (Singh and Pal 2008; Mangaraj et al. 2009 ) with nitrogen. However, incase of MAP, it is quite possible that a package design for optimal level of O 2 and CO 2 , may develop deleterious levels when exposed to temperature fluctuations during transportation, marketing and distribution chain. Unlike CA storage system, the external means are not employed in the MAP system to precisely control and monitor package air composition, temperature and relative humidity etc. Thus, a preliminary investigation study with various designs of optimum combinations of O 2 and CO 2 for MA packaging of guava was carried out at the laboratory. Also, the MAP was designed and evaluated for sub-optimal air compositions with a view to provide a factor of safety against the development of deleterious levels of O 2 and CO 2 in MAP at any stage, through out the distribution chain. On the basis of preliminary investigations and the sub-optimal package air composition it was found appropriate for designing the optimal MA packages for guava with target air composition of 5 % O 2 and 4 % CO 2 with nitrogen.
Film laminates for MA packaging
The gas transmission rates of the selected films were compared with the gas transmission requirement of MAP for guava (cv. Baruipur). Not a single film could meet the gas permeability requirement for MAP, satisfactorily. Thus two different films were combined through the tailoring of film laminates to bring the gas transmission requirement of the laminates close to the required values. The area of the two individual films was optimized and the films were adhesive laminated.
Optimization of the area of films OTR req of MAP
The area of the film combinations and the un-perforated film was optimized to match the OTR req of MAP by employing the following equations .
Where, OTR req is the oxygen transmission rate requirements of film laminate for MAP, P O2 la is the OTR of the combined laminated film, P O2 upf is the OTR of un-perforated film, a 1 is the fractional area of laminated portion, a 2 is the effective fractional area of un-perforated film, A 1 is the area of laminated portion of the film laminate and A 2 is the effective area of unperforated film of the laminate.
Calculation of P O2 la
The value of OTR of combined film (P O2 la ) was estimated by employing the following equation.
Where, P O2 1 and P CO2 2 are the OTR of individual films, x 1 and x 2 are the thickness of individual films, and x is the thickness of the film laminate.
Calculation of size and nos. of circular disc for removal from film
For the development of film laminates, an area equal to A 2 was removed in the form of circular disc of same or different diameter from the film piece. The numbers of discs as well MD machine direction, TD transverse direction as their sizes required to be removed from film was calculated by employing Eq. (19).
Where, d 1 , d 2 , d 3 …d n are the diameter of the circular disc to be removed, and N 1 , N 2 , N 3 …N n are the numbers of discs to be removed from the film.
Design parameters for MA packages of guava The combination of BOPP and PVC as well as that of LDPE and PVC was considered for development of film laminates and MA packaging of guava. Based on the design considerations illustrated above, various parameters of film laminates LFR-3 (A, B, C, D, E) and LFR-4 (A, B, C, D, E) were calculated using appropriate equations and presented in Tables 1 and 2 
Selection of polymeric films
With the objective of meeting MAP requirements the polymeric films namely LDPE, BOPP, PVC, PVDC were procured considering various film characteristics such as gas transmission rates for O 2 and CO 2 , water vapor transmission rates, sealing reliability, clarity, strength, durability, printability and cost effectiveness Exama et al. 1993; Costa et al. 2011) . The films were hydrophilic in nature and their gas transmittance properties were not affected significantly by relative humidity. The film properties viz. thickness, haze, tensile strength, elongation strength, seal strength, tear strength, WVTR and GTR were measured using standard methods and given in Table 3 . The GTR of films was determined employing equal pressure method since it facilitated similar condition under which gas transmission takes place in MAP (Karel et al. 1975; Mangaraj et al. 2009 ).
Tailoring of film laminates for MA packaging
The gas transmission rates for O 2 , CO 2 as well as the transmission ratio of any of the selected films could not match the gas transmission requirements of MAP for guava for 1.00 kg±100 g packages. Thus two combinations of PVC and BOPP as well as that of PVC and LDPE films were considered for preparing film laminates, so as to bring the gas transmission characteristics of laminates as close to the gas transmission requirement of MAP as possible. The un-perforated and perforated films as per design calculations (Tables 1 and 2) were taken for development of laminated films. Film roll with out perforation was passed through the rubber roller where adhesive was applied and the drying tunnel, which consists of cooling chamber, heating chamber and normal chamber. Subsequent heating and cooling was given for the bonding of the adhesive with the film. Then it was passed through the laminating nip through the idle roller. The secondary substrate (film with perforation) coming from another idle roller also passed through the laminating nip. Both the films were pressed in the laminating nip along with the application of heat. Finally the desired laminated film roll comes out through the idle roller. Two types of film laminates i.e. LFR-3 (BOPP-45 μ+PVC-25 μ) and LFR-4 (LDPE-40 μ+PVC-25 μ) were developed to meet the GTR requirements of the MAP precisely. Each type of film laminates was further customized into five categories i.e. A, B, C, D, and E to convene the GTR requirement of entire five section of package fill-weight range of fruits.
MA packages for guava storage
The guava fruits of medium size were number-labeled for MA packaging. Weight and volume of each fruit was measured. The representative samples were taken from the fruit lot and the physico-chemical attributes were determined employing standard techniques and procedures. Using film laminates LFR-3 and LFR-4 two types of packages (PCGKG-LFR3, PCG-LFR4) of required size (19 cm× 19 cm) were developed. Four guavas were inserted in each package and the packages were heat-sealed. Silicon rubber septums were glued to the packages to facilitate gas sampling. The MA packages were labeled marked for subsequent storage study.
Performance evaluation of MA packages The MA packages were kept at 10°C, 15°C, 20°C and 25°C storage temperatures inside the incubator for their evaluation. The performance of various packages was evaluated for their, (i) ability to establish/achieve equilibrium at target levels and (ii) ability to extend the shelf-life of the packaged fruit with quality perseverance.
(i) Establishment of package equilibrium condition Sample of air were drawn from the package with the help of gas tight syringe through self-sealing septums, which were glued, to the package surface for this purpose. The samples of package air were analyzed on a Gas Chromatograph for determining the variation of O 2 and CO 2 concentration in the package with time The variation in the quality attributes such as weight loss, volume, firmness, TSS, TA, chlorophyll content, pectin solubilization, color parameters (l*, a*, b*, hue angle, chroma, total color difference) of MA packed as well as unpacked guava were determined at 10°C, 15°C, 20°C and 25°C storage temperatures at a regular interval (Ranganna 1995; Mangaraj and Goswami 2009c) .
Statistical methodology
Three-factor analysis of variance was also carried out to find the direct two-factor and three-factor interaction effect of temperature, storage system and storage period on the quality parameters of guava (Das and Giri 1986) . Response surface methodology was employed to evaluate the effect of temperature, storage periods and their interaction on the quality parameters of MA packed and unpacked fruits.
Mathematically this can be represented as
Where 'f' is the response surface function, 'y' is dependent variable (quality parameters) and input factors: temperatures (x 1 ) and storage periods (x 2 ).
To approximate the function 'f', second order polynomial equation of the following form was assumed (Mangaraj and Singh 2011) .
Where, y, is the predicted response (dependent variables); b 0 , b 1 , b 2 , b 11 , b 12 and b 22 are the regression coefficients; and x 1 , x 2 are the coded value of independent variables (factors) i.e. the temperature and storage period, respectively which are linearly related by the following equation with the original values (Khuri and Cornell 1987; Das 2005 ).
Where, X i is actual value in original units, X i m is mean of maximum and minimum values/levels of X i and X i d is difference between maximum and minimum values/levels of X i and x i is the coded values of independent variables.
Results and discussions
Maturity indices of fruits
The maturity indices of guava (cv.Baruipur) was determined based on the evaluation of physico-chemical properties. The average unit weight, flesh firmness, specific gravity and total soluble solids of good medium size guava (cv. Baruipur) were found to be 250 g, 9527.40 g, 1.1 and 8.50, respectively which indicated that the fruits were matured. Similar results were obtained by Kumar and Honda (1974) , Palaniswamy and Shanmugavelu (1974) , Wilson (1980) , Morton (1987) , Adsule and Kadam (1995) . The color values namely L* a* b*, hue angle and chroma were measured to be 57.85, -17.58, 39.41, 114.00 and 43.15, respectively and these values are in agreement with Kumar and Honda (1974) , Jacomino et al. (2001a) and Singh and Pal (2008) during harvest maturity for achieving good quality fruits for retaling and storage. The negative value of 'a' implied the greenness of guava at harvest maturity.
Respiration of fruits for transient state of MAP
In MAP, during transient period, the package air composition changes continuously due to the respiration of the fruits and permeation of gaseous through the packaging film. Hence, the transient state of MAP of guava was simulated at various storage temperatures as closely as possible and respiration profile of guava at 15°C has been shown in Fig. 2 . The effect of O 2 and CO 2 concentration on respiration rates at different storage temperature under simulated transient state of MAP was observed in this study.
The decrease in O 2 concentration from 21 % to 4 % reduced R O2 and R CO2 from 14.5 to 2.3 and 13.0 to 2.2 cc/kg-h, respectively for guava at 2.0 % CO 2 concentration level and 10°C storage temperature. For similar reduction in the O 2 concentration at 5 % CO 2 level, R O2 and R CO2 were found to have reduced from 11.0 to 2.1 and 9.5 to 1.8 cc/kg-h, respectively. At 5 % O 2 and 5 % CO 2 , the respective values of R O2 and R CO2 were found to be around 3.2 and 2.5 cc/kg-h, and those for normal air were 14.0 and 12.7 cc/kg-h, respectively indicating 77 to 80 % reduction in respiration rate. Similarly at 15°C, the percent reduction of R O2 and R CO2 from normal air to modified atmosphere of 5 % O 2 and 5 % CO 2 was found to be 80-84 % (Fig. 2) . At 20°C storage temperature, the decrease in O 2 concentration from 21 % to 4 % reduced R O2 and R CO2 from 21.5 to 3.2 and 18.5 to 3.0 cc/kg-h, respectively at 2.0 % CO 2 concentration level. At 5 % O 2 and 5 % CO 2 , the respective values of R O2 and R CO2 were found to be 3.5 and 2.8 cc/kg-h, and those for normal air were 21.2 and 18.3 cc/kg-h, respectively indicated 83.5 to 85 % reduction in respiration rate. Thus, the percentage reduction in R O2 and R CO2 were found to be higher at higher levels of temperature. At 15°C and at a O 2 level of 21 %, the increase in CO 2 concentration from 2.0 % to 10.0 %, reduced R O2 and R CO2 from 17.2 to 11.10 and 15.8 to 9.5 cc/kg-h, respectively; whereas for similar increase in CO 2 at 5 % O 2 level, the R O2 and R CO2 were found to have reduced from 3.2 to 2.9 and 2.8 to 2.2 cc/kg-h (Fig. 2) . Thus, it can be inferred that the increase in CO 2 reduces respiration rates at all the level of O 2 . The effect of variation in O 2 on respiration rates is much higher than CO 2 . The effect of CO 2 level on R O2 and R CO2 was found more pronounced at higher level of O 2 concentration (Fig. 2) . These results are in close agreement with those obtained by Talasila et al. (1992) , Mangaraj and Goswami (2011a) .
Overall, at all the reference temperatures, R O2 decreased by decreasing the O 2 and increasing the CO 2 levels and this effect was more pronounced at higher temperatures. Similar trends were observed for CO 2 production rates (R CO2 ). Therefore, low O 2 and high CO 2 atmospheres imposed a decreasing trend in the respiration rate, which should benefit the shelf life of guava.
MA packages for storage of guava Two types of MA packages viz. PCG-LFR-3 and PCG-LFR-4 were developed for MA packaging of guava with package surface area (A p ) of 0.0722 m 2 . Packages were designed to accommodate a fill weight (W p ) range of 0.90-1.10 kg. It suggests an optimal range of W p : A p ratio of 12.47-15.23 for guava. The shape and size of the fruits was found to have affected W p : A p ratio as well as package free volume (V fp ). The V fp was found to have varied between 490 and 625 ml for the entire fill weight range. The V fp was found to have varied inversely with the W p : A p ratio. The performance of the MA packages was evaluated at various storage temperatures and discussed as follows.
Equilibrium concentrations of O 2 and CO 2 in MA packages
The predicted as well as experimental values of Y O2 eq , Z CO2 eq and t eq for various MA packages at different storage 
Equilibrium time
The length of time taken by the MA package to establish dynamic equilibrium from the time of packaging is considered as equilibrium time. For MA packages, the predicted values of equilibrium time were found to have varied between 12 and 30 h, whereas those of experimental values varied between 10 and 34 h at all the reference storage temperatures as given in Table 4 . The experimental values some what deviated from the predicted ones. The development of quasi-equilibrium conditions and the variations in the free volume in the package (V fp ), because of the varying fill weight, were probably the cause of such deviations in equilibrium time (t eq ) values. In fact, small variations in V fp are always possible in a flexible package. Hence, it is unrealistic to expect a constant value of V fp in the flexible packages. It has been seen that the variation in O 2 affects both R O2 and R CO2 significantly. With the variation in R O2 and R CO2 , the O 2 consumption as well as the CO 2 evolution of the package varies which in turn affects O 2 and CO 2 level in the internal atmosphere of the package. Thus, as O 2 decreases, R CO2 reduces which in turn reduces CO 2 in the internal atmosphere of the package. Reduction in CO 2 level tends to retrieve R CO2 slightly. However, the amount of reduction in CO 2 due to decrease in O 2 is greater than the amount of retrieved. As such, with the decrease in O 2 level CO 2 level also decreases, though by small amounts. Thus, though the equilibrium condition for CO 2 level appears to be approaching earlier than that of O 2 level but in true sense, CO 2 level becomes stable only when O 2 level attains equilibrium (Fig. 3) . It implies that the equilibrium for both, O 2 and CO 2 is attained simultaneously in MA packaging. Also, in view of the fact that O 2 level has more pronounced effect on respiration rates than CO 2 level, the equilibrium time (t eq ) for O 2 level assume greater importance. The single equilibrium time (t eq ) approach observed here is in agreeance with the study of Torrieri et al. (2007) Quality assessment of MA packaged and unpacked guava fruits
The performance of the developed MA packages for their ability to extend the shelf life of fruits has been evaluated at 10, 15, 20 and 25°C storage temperatures along with the unpacked fruits, which served as control samples. The variation in physico-chemical quality attributes of guava fruits under MA packaged (PCG-LFR-3, PCG-LFR-4) with those of unpackaged fruits (control) were comprehensively compared. The results of the variation in quality parameters namely, physical loss in weight (PLW), reduction in volume, flesh firmness, puncture resistance, TSS, TA, ascorbic acids, chlorophyll content, solubilization in pectin and the colour parameters like l*, a*, b*, hue angle, chroma and total colour difference of guava samples are analyzed and elaborated.
Data on different quality attributes of MA packaged and unpacked (control) guava stored at 15°C is given in Table 5 and their variation with storage temperature are shown in Fig. 4 . The % PLW of MA packaged guava was found to be much smaller than that of unpackaged fruits. The PLW in MA packaged was 4-5 times lower than the control storage guava during different period of storage at 10-25°C. It implies the laminated MAP system was effective in preventing loss of water from guava. The rate of water loss was small at lower temperatures even in control fruits. It was observed that the water loss of 10-12 % was not enough to promote visual shrinkage of the fruit skin during 26 days of storage at 10°C. However, at elevated temperature the reserve carbohydrate utilization increased (Auda et al. 1966) , hence the PLW is more and so also the reduction in volume. The loss of water is one of the main causes of deterioration of fruits, since it not only results in direct quantitative losses (PLW), but also causes losses in appearance, texture (softening) and nutritional quality (hydrolysis of starch to sugars). MA does not directly influence the rate of water loss, but the polymeric films packaging results in significantly higher RH around the commodity and consequently reduced water loss compared to air storage (Kader 1986; Singh and Pal 2008) .
The % reduction in volume (V r ) of guava for MA packaged as well as unpackaged guava at all the temperature temperatures have been presented in Table 4 . The profile of package air composition with time predicted by the modeling of gaseous exchange in MAP for these packages at 15°C has been depicted in Fig. 3(a) . Most of the packages have established equilibrium at such levels of O 2 and CO 2 , which were fairly close to the target levels. The predicted and experimental values of Y O2 eq , Z CO2 eq were found to be higher than the target levels for all the MA packages. There was good agreement between predicted as well as experimental values of Y O2 eq and Z CO2 eq . The experimental values of Y O2 eq varied between 5.00 and 5.37 % whereas those of Z CO2 eq varied between 3.14 and 3.72 for PCG-LFR-3 and PCG-LFR-4 packages. The experimental variation of O 2 and CO 2 levels in PCG-LFR-3 MA packages at15°C storage temperatures has been shown in Fig. 3(b) . During steady state period, the experimental values of O 2 and CO 2 were found to be nearly constant for an extended period of storage. By and large all types of MA packages have accommodated varying fill weight between 0.90 and 1.10 kg have established dynamic equilibrium state with out causing any unfavorable deviation from the target levels of O 2 and CO 2 at all the reference storage temperatures.
increased with storage periods. Initially, V r was slow and it increased rapidly later specially in the fruits stored under control. In MAP, the evaporation of water from the fruit surface is drastically reduced due to low WVTR of the packaging film creates high RH around the fruits. Hence, the %V r was found to be much smaller in MA packaged guava than the unpackaged fruits (Table 5) .
There was a decline in the firmness and puncture strength of guava stored in MA package as well as in control. Fruit firmness declined slowly at the initial storage periods however, at later part, the values decreased sharply, mainly in the control fruits (Fig. 4) . MA packaging maintained the firmness of guava for a longer period; however, it could not provided a consistent maximum retention of firmness during storage for shelf life extension. Nevertheless, the fruit held in control softened to a greater extent during storage than fruit stored in MA package. The softening is accompanied by solubilization of pectin, involving the action of enzymes pectin esterase (PE), polygalacturonase (PG) and pectate lyases (PL) (White 2002) . The increase in pectin solubilization and disruption of the xyloglucan-cellulose microfibril networks of guava fruit moderated by increases in the activities of exo-polygalacturonase (PG), pectin methylesterase, (1→4)-glucanase, and galactosidase has been proposed to be associated with the rapid softening of fruit (Ali et al. 2004) . The loss of firmness of guava during storage is due to the degradation of the cell walls, which have as their basic composition 90 to 95 % of polymers and carbohydrates (cellulose, hemi-cellulose and pectins). Two main enzymes, polygalacturonase and pectinametylesterase, act during the evolution of ripeness, being responsible for the degradation of the cell walls. Therefore, the modified atmosphere in the CS PCG-LFR-4 PCG-LFR-3 film package promoted good results possibly by affecting the activity of these two enzymes (Jacomino et al. 2001a; Chitarra et al. 2002) . According to Mohamed et al. (1994) , the general decrease in firmness of guava during storage is primarily due to loss of water from the surface, promoting a loss of cell turgidity. The decline in the water potential adversely affects cell membranes and increases the activity of hydrolases, resulting in the solubilization of cell wall compounds (Chitarra et al. 2002) . The loss of firmness in the control fruits was probably a consequence of the high mass loss during storage. The decline in firmness observed was about eight to ten fold from the hard mature green stage to the final soft ripe stage. The TSS content of MA packaged guava was found to have increased slowly and gradually with storage period. However, TSS of fruits stored under air has increased at a higher rate, which declined towards later part of the storage (Fig. 4) . The increase in TSS and sugar content during the earlier part of storage may be due to the hydrolysis of insoluble polysaccharides in to simple sugar. TSS which were fairly low at harvest, increased during storage due to hydrolysis of starch in to sugar and after the completion of hydrolysis of starch, further increase in TSS content did not occurred and hence a decline in this attributes are predictable. This trend is similar to the study reported by Rodriguez et al. (1971) , Smith et al. (1988) and Wills et al. (1981) . TA of guava was found to have decreased as time progressed and the rate of decline in MA packages was slower as compared to control samples even under low temperature. The titratable acidity of PCG-LFR-3 and control stored guava were found to be 0. 56, 0.42; 0.53, 0.41; 0.52, 0.36 and 0.53, 0.34 % at 10°C, 15°C, 20°C and 25°C for 26, 19, 13 and 07 days of storage, respectively. The experimental variations in TA values corresponded closely with those of Sunjaka et al. (2003) .
The ascorbic acid content in guava fruit at mature green stage was 284-mg/100 ml of juice and decline rapidly in control storage as the fruit ripens. The high oxygen atmosphere might be responsible for increased oxidation by ascorbate oxidase, causing acceleration of more ascorbic acid loss. The MA packaging influenced the ascorbic acid content positively and was found effective in preventing the losses. The beneficial effects of low O 2 atmospheres in reducing ascorbic acid losses in fruit are well documented by Lee and Kader (2000) ; Singh and Pal (2008) .
The extent of chlorophyll degradation was approximately 30 % less in MA packed guava as compared to control samples. The MA packaged fruits, presented higher chlorophyll levels than the control because the degradation of chloroplast was reduced. Chlorophyllase is considered as the first enzyme in the pathway of chlorophyll degradation. The modified atmosphere delayed the increases in the activities of cell wall hydrolytic enzymes and chlorophyllase activity (Ahmed and Labavitch 1980) . At lower temperature, the fruit metabolism was slowed down, mainly due to the cold temperature of the environment.
During storage of guava the solubilization of total pectin increased in all storage system (Fig. 4) . The rate of pectin solubilization was slower under modified atmosphere than in air. After 22 days of storage the solubilization of pectins was 4.5 times higher in the control than the PCG-LFR-3 package guava at 10°C. Pectolytic enzyme activity, PME and PG, might have rose during storage, when the pectin began to solubilize and the fruits started loosing their (Ahmed and Labavitch 1980; Besford and Hobson 1972) . The high solubilzation may be attributed to the PME activity, remaining high up to the end of the storage period. PME catalyses the hydrolysis of the methyl ester in the pectin chain and it precedes the degradation of pectin by polygalacturonase (Brett and Waldron 1990) . In the MA packaged guava due to change in atmospheric composition, the activities of pectic enzymes was reduce in compare to control. It was observed that the fruits stored under MA packaging and at lower temperature preserved better color than airstorage. Air-stored fruit had a drastic change in skin colour as it changed from light green to greenish-yellow. The L*, a* and b* values of MA packaged and unpackaged guava increased, decreased and increased, respectively during storage periods (Fig. 5) . The negative a* value at harvest maturity indicated the green color of guava. When the storage period progressed the greenness decreased and yellowness increased ( Table 5 ). The skin of the fruits kept its green color in the film packages till 26, 19, 13 and 7 days of storage at 10, 15, 20 and 25°C, respectively and the color of guava were comparable with that of harvested one. This indicated the extension of shelf life of MA packaged guava by two times as compared to air-stored guava. Similar results was reported by Jacomino et al. (2001b) ; Chitarra et al. (2002) ; Singh and Pal (2008) during MA/CA storage of guava at different temperatures. At lower temperatures significant retardation of ripening was observed. The increase in storage temperature (particularly in control) accelerated the loss of green colour in guava. The fruit stored under MAP did not undergo any conspicuous change in the skin colour especially during cold storage. The inhibition of loss of green colour in guava held in low oxygen and elevated carbon dioxide can be primarily due to the effects of modified atmosphere on slowing down the metabolic activities leading to retarded ethylene sensitivity and biosynthesis, lower ripening changes and delayed senescence. (Beaudry 1993; Bron et al. 2005; Jacomino et al. 2001a) .
The derived color parameters, such as Hue, chroma and ΔE of guava stored under MAP was 5-8º higher, 7-10 % less brighter and 20-27 % less change in color as compared to control during different storage periods at the reference temperatures (Fig. 5) . The decreased in hue angle of guava stored under air, reflecting the shift from green to yellow spectrum due to ripening. However, preservance of color pigment under modified atmosphere retarded the spectral changes during storage. The chroma value, which indicates the relative amount of color remains in the fruit, revealed that all samples lost colour during storage. The rate of colour lost under MAP was lower but similar with the air stored. There was increased in the chroma value during storage. It is reported that the increase in chroma value during storage indicates the shifting of intensity of color from dullness to brightness. It was observed that ΔE of guava increased sharply at the beginning and at later part of storage. However, extended storage revealed that in the long run, MAP preserved/presented the colour of the guava better than the control as evident from the lower L*, high hue angle, lower a* and lower ΔE values.
It was observed that guava is a climacteric fruits that ripens rapidly, highly perishable, and shelf-life period's ranges from 2 to 3 days at room temperatures at 25°C and 1 week at 20°C (Bassetto et al. 2005; Jacomino et al. 2001b; Bron et al. 2005; Chitarra et al. 2002) . Reyes and Paull (1995) observed that mature green guavas attained full yellow colour in 11 days of storage at 12 and 15°C. ripening, skin browning or discoloration and increase in the incidence of decay (Wang 1982; Bron et al. 2005; Chitarra et al. 2002; Singh and Pal 2008; Jacomino et al. 2001a ). According to Kader (1995) , the ideal storage temperature for guava fruits can vary from 10 to 15°C, depending on species and maturity stage. These discussions support the storage temperature range (10-25°C) chosen in the present study. These results of the present storage study of guava are in agreement with those found with several other researchers. Jacomino et al. (2001b) reported that LDPE film with mineral incorporation and multilayer co-extruded polyolephinic film with selective permeability (PSP) prolonged storage of guava (cv. Kumagai) up to 2-3 weeks, at 10°C with 85- Ripening delayed at 10°C for matured green guava like at 8-10°C guava may be stored for up to 2-3 weeks (Gaspar et al. 1997; Chitarra et al. 2002) . Fruits stored at 31°C and 41°C presented incidence of anthracnosis, a disease caused by Colletotrichum gloeosporioides (Bron et al. 2005) . At 5°C the fruit does not ripen properly and develop a skin disorder after 2 week (Reyes and Paull 1995; Chitarra et al. 2002) . The failure in ripening is a common symptom of chilling injury in tropical fruit (Couey 1982) . Storage temperature below 10°C causes serious chilling injury (CI) symptoms in guava fruits (Singh and Pal 2008) . As a matter of fact, Osman and Ayub (1998) verified that guavas stored at 3-5°C did not ripen satisfactorily, and that was related to chilling injury. The chilling injury includes abnormal an atmosphere of 3-4 % O 2 and 4-4.5 % CO 2 inside the packages, which kept the fruit with good sensorial characteristics for 28 days. Gaspar et al. (1997) reveals that Kumagai guava wrapped either in PVC or LDPE hindered the development of peel colour and the loss of firmness. The skin color, firmness and weight of guava were best preserved/maintained by LDPE packaging along with sucrose ester and palm oil emulsion dips (Mohamed et al. 1994) . Sunjka et al. (2003) reported that MA storage with silicon membrane at 11°C had the best overall market quality after storage and after ripening. MA packaging of fresh guava in PET containers had a strong influence on color preservation and weight loss of the guavas (Pereira et al. 2004 ). Chitarra et al. (2002) revealed that the major beneficial effect of MA packaging of Kumagai guava (both tight and perforated) was the reduction of mass loss. The packaging of guava in LDPE bags contributed to a reduction in pectin solubilization, as compared to control fruits. A greater suppression of respiration and ethylene production was observed in guava stored in low O 2 (5 %) atmospheres compared to normal storage (Singh and Pal 2008) . CA storage retarded the changes in TSS, TA, ascorbic acid and was effective in reducing weight loss, and maintaining firmness of fruit.
ANOVA of quality parameters during storage Three-factor Analysis of Variance (ANOVA) reveals that direct effect as well as two and three factor interaction effects of temperature, storage system and storage periods found to have significant effect on quality parameters of guava fruits at 1 % level of significance. Table 6 shows the ANOVA for quality attributes viz. PLW, firmness and a* value of guava during storage.
Response surface analysis of fruits Second order response surface regression was fitted to the experimental data on different quality parameters of guava. The regression coefficients of all the quality parameters obtained from response surface regression analysis was presented in Tables 7, 8 and 9. It was found that the linear, quadratic and interaction regression coefficients of temperature and days of storage were significant at 1 % level of significance for all the variables except PLW and Reduction in Volume, for which significance was at 5 % level of significance. The following mathematical models were obtained for the quality parameter 'firmness' under different storage system of guava. The quality attributes of guava like PLW, reduction in volume, TSS, solubilization of pectin, color values i.e. l*, b*, chroma, and total color difference etc. were increased whereas firmness, puncture strength, TA, ascorbic acid, chlorophyll content, color values i.e. a* and hue angle etc. were found to be decreased during MAP as well as control storage. The rate of change of all the quality attributes was slower in MA packages as compared to control storage (Tables 7, 8 and 9) . The linear regression coefficients of firmness indicate that the mean change in the firmness was minimum under PCG-LFR-3 (518.11, 303.55) followed by PCG- 316.30) and maximum under control storage (894.89, 321.65) guava.
Conclusions
Most of the packages have established equilibrium at such levels of O 2 and CO 2 , which were fairly close to the target levels. The modified atmosphere of 5 % O 2 and 4 % CO 2 was found to be suitable for preservation of guava (cv. Baruipur) till 26, 19, 13 and 7 days of storage at 10, 15, 20 and 25°C, respectively. The packaging of guava with selective permeability was more efficient in maintaining the skin color or chlorophyll content, texture, smell, and overall market quality with least amount of defects after storage and ripening. The major beneficial effect was the reduction of weight loss, pectin solubilization, retention of color and firmness as compared to control fruits. Mathematical model equations were obtained with their multiple regression coefficients for the prediction of quality parameters of fruits under various MAP systems and control storage conditions. The comparison of experimental and predicted quality parameters yielded the mean relative deviation moduli (E) value of less than 5, which indicated that the developed regression models have good agreements for predicting the quality attributes of MA packaged and unpackaged fruits during storage.
